A method for determining steady state temperature distribution in a blast furnace hearth lining is given. The isotherms can be determined by soloing so called inverse heat conduction problem, taking into account data obtained by measurements of temperature at selected points within the lining. An example is given.
I. Introduction
.A technical inspection of the wear of a blast furnace hearth lining is a problem of great practical importance. A furnace campaign is limited by numerous factors among which the most important one is the wear of lining. The popular method for a technical inspection is based on observing the temperature distribution. Information of the values of temperatures enables one to estimate the location of the molten pig iron or to estimate the efficiency of the cooling system.
Classical calculations of heat transfer in a blast furnace hearth usually determine the temperature distribution for both the cooling system and the material layers with location fixed (see Ref. 1)). Such calculations are to be carried out on designing a blast furnace hearth lining.
However, during the period of a blast furnace campaign some influences that are difficult to be taken into account at designing of the lining appear. The main factor is the erosion of carbon blocks caused by the penetration of molten metal into the lining. Moreover, due to fouling, conditions of heat transfer in a cooling system are changing. Therefore, the wear of lining should be checked currently.
Nowadays the wear of lining is often inspected by measuring the temperatures at some arbitrarily selected points. The values of temperatures show how far they are from the predicted ones. The thermocouples which are initially located close to the molten iron zone are destroyed while the molten iron zone is expanding. The destruction of thermocouple shows the current location of the molten zone. Such information is not complete for determining the lining wear. A solution of the inverse heat conduction problem enables one to determine the current condition more precisely.
II. General Assumptions
It is assumed that temperature distribution in the lining varies so slowly to be considered in the steadystate. It is also assumed that the temperature distribution is axisymmetrical. This assumption can be eased because the method can be expanded to nonsymmetrical cases.
Determining the temperature distribution in lining is a rather complex matter. A blast furnace hearth consists of two-dimensional concentric layers of lining. The heat conductivities of these layers are anisotropic and dependent on temperature. The location of the interface of iron and lining is unknown. Therefore, a numerical method should be applied to solve this problem.
Any numerical method demands information about all the boundary conditions. For reasons given in Chap. I, determining the boundary conditions during a campaign is troublesome. Measuring temperatures at some selected points enables one to overcome the difficulties. Such a kind of problem is known as an inverse heat conduction problem. 2, 3) Let us consider heat conduction within the region which is limited by the radius rmax and the height hmax as shown in Fig. 1 . The rmax results from the location of points where the temperature is measured. The hmax results from the location of molten pig iron and remains unknown at the beginning of calculations. It is assumed that the molten iron is contained within a zone defined by an inequality T>Tm where, Tm the melting temperature of iron and the point where Tm is reached determines the hmax.
It is also assumed that the temperature distribution within the region under consideration satisfies the Fourier-Kirchhoff equation. By changing the location of measuring points of temperature another region can be taken into consideration.
Within the considered region (shown in Fig. 1 ) temperature varies rapidly along they axis and slightly along the r radius. It is also assumed that within the region only horizontally layered lining materials may appear. Therefore, it is enough to divide the region with a set of planes which are perpendicular to the y axis. Finally we obtain a net of mesh which is a set of thin cylinders with each height of dye. It means that heat conductivity within a cylinder is assumed to be constant and known. It can be seen 
that some effects referring especially to erosion or diffusion of iron are either taken into account in a simplified way or neglected. It has been proved4~ that only the distribution of temperature within two cylinders is necessary for determining the temperature distribution within the whole considered region. For convenience they can be the first and the second difference cylinder (see Fig. 1 ). These cylinders can be situated within the first layer of carbon blocks prepared as a measuring layer. Such a kind of problem is called the Cauchy problem for the two-dimensional Laplace equation. Moreover, the boundary conditions are incompletely specified. The problem is an improperly or ill-posed problem and can be solved when the temperature is known at some internal points.
The solutions of ill-posed problems are extremely sensitive to data errors and usually they are unstable in solution by applying classical methods. In other words special techniques should be applied to solve the ill-posed problems. The procedure that has been applied to solve the problem considered in the present paper will be briefly described in Chap. IV.
III. Heat Transfer Equations
In order to work out the mathematical model of heat transfer within the considered region, a numerical method should be applied. The method used here is the elementary balance method.
Sometimes, this method is called the finite control volume procedure2) and is described elsewhere.5~ Due to the assumptions only the discretization in the y direction is necessary. The energy balances should be written down for each difference layer as follows : 
IV. Solution
If the distribution of temperature is known from measurements within the first and the second difference cylinders, the functions Ti(r) and T2(r) can be obtained. It was proved4~ that the solution of Eq. 
Research Note The coefficients B2k,i and C2depend on the Ai,; coefficients only as Bo ,1 = Co,2 = 1 , Bo,2 = Co,i = 0, B2k,1 = B2,,2 = C21,1 = C2k,2 = 0, for=1,2,...,N-2 Bo ,i+1 = -(A1,i-1Bo,i-1+Ai,1Bo,i)1Ai,i+1, B2k,i = - (B2k-2,i+Ai,iB2k,i+Ai,i-1B2k,i-1 The C2k,i coefficients for i>2 are expressed by the similar equations as B2k,i. Determining the functions F2k (r) and G2k (r) demands information about temperatures Ti(r) and T2 (r) as well as information about their derivatives. Besides, the temperatures Ti(r) and T2(r) are known at some selected points only and are known inaccurately because of measurement errors.
As indicated previously the inverse heat conduction problems are one of the ill-posed problems that are of engineering importance. It should be stressed that the ill-posed nature defies easy solution. Fortunately, there are a number of procedures that have been advanced for the general solution of ill-posed problems. One of these methods was developed by Tikhonov and Arsenin,6~ who introduced a regularization method to reduce the sensitivity of ill-posed problems to measurement errors. The regularization method is a procedure which modifies the least square approach by adding factors that are intended to reduce excursions in the unknown function, such as the temperature. The ill-posed nature of the problem which is considered in this paper reveals when the derivatives are calculated. Therefore, calculations of derivatives need a lot of attention.
In order to apply the regularization method, the j-th derivative of the function f with respect to the x variable, The resulting equation (6) can be solved by the regularization method. Such an approach enables one to get stable values of derivatives. However, the order of the derivatives should be rather small to be the main limitation of the present method.
V. Example and Conclusions
The advantages and disadvantages of the present method were examined in detail. The solution given by Eq. (2) is accurate but numerous examples were calculated to investigate the influence of the number of measuring points, a distance between measuring points, and measuring errors on the accuracy and stability of numerical results. One of the most important problems was to estimate how many terms should be taken into account in the series described by Eq. (2). The temperature data were taken from the calculations that are described in Ref. 1).
One example is presented in Fig. 2 . The hearth lining is made of carbon blocks. Each layer of the blocks is about 0.6 m height. First the temperature distribution within the lining was determined by prescribing a complete set of boundary conditions (wellposed problem). The values of temperature (°C) that were calculated in this way are shown in Fig. 2 . They are called " comparative temperature ". As the next step, the temperature distribution was recalculated by applying Eq. (2) (ill-posed problem). The values of Ti(r) and T2(r) at 6 points were taken from the solution of the well-posed problem. These points are shown in Fig. 2 as " measuring points ". The distance between 2 points were varied from 0.2 to 0.5 m. In the considered examples the influence of the 
dsitance on the results could be neglected within this interval. The distance between 2 measuring layers was 0.19 m. It resulted from the net of mesh used to the well-posed problem and the required accuracy. The values of Yi (r) and T2 (r) that were taken into account in the present example are shown in Table  1 . The external radius of the lining was about 4.8 m. All these measuring points were situated within the first layer of carbon blocks. The molten iron reached to N=8 difference layers. It proved that the series described by Eq. (2) could be truncated after the third term. This conclusion holds in all the computed examples. It is fairly obvious because the first term corresponds to the onedimensional steady-state heat conduction in the y direction while the others represent a kind of correction due to the second dimension of heat transfer and are rather small within the considered region.
Based on the results of numerous examples it is proved that the choice of the number and interval of measuring points is the key problem in applying the present method. For this reason some calculations that can predict isothermal lines should be carried out. On the basis of the results of such calculations the location of the measuring points can be established.
The tried examples were connected with different kinds of linings and the calculated results compared well with the reference values. Application of the method that has been used for calculating derivatives proves that the numerical results are stable and accurate enough.
It is clear that the reduction of measurement errors leads to the convergence and accuracy. In the examples that were good it was assumed that the measurement error was about 2 to 3°C in considering the difference between 2 temperatures while the measurement error was about 20 to 25°C in considering the value of the temperature. The calculation errors were similar to those shown in Fig. 2 .
The accuracy can be improved when the data are taken from difference cylinders that are not so close each other. The solution, Eq. (2), has the same form, and only the coefficients B2k,i and C2k,i are calculated from other equations. It is clear that there may be some cases where the present method is not stable and accurate enough, however, such a case did not occur in the examples that were calculated in the present study. (2) derivatives of the temperature distribution number of difference layers (difference cylinders) radial coordinate temperature distribution within the i-th difference layer (difference cylinder) axial coordinate the height of the i-th difference cylinder mean thermal conductivity within the i-th difference layer in the r and y directions, respectively. 
